Estrogens induce cell proliferation in target tissues by stimulating progression through the G1 phase of the cell cycle. Activation of cyclin D 1 gene expression is a critical feature of this hormonal action. The existence of rapid/nongenomic estradiol-regulated protein kinase C (PKC-␣) and extracellular signal-regulated kinase (ERK) signal transduction pathways, their cross talk, and role played in DNA synthesis and cyclin D 1 gene transcription have been studied herein in human hepatoma HepG2 cells. 17␤-Estradiol was found to rapidly activate PKC-␣ translocation and ERK-2/mitogen-activated protein kinase phosphorylation in this cell line. These actions were independent of each other, preceding the increase of thymidine incorporation into DNA and cyclin D 1 expression, and did not involve DNA binding by estrogen receptor. The results obtained with specific inhibitors indicated that PKC-␣ pathway is necessary to mediate the estradiolinduced G1-S progression of HepG2 cells, but it does not exert any effect(s) on cyclin D 1 gene expression. On the contrary, ERK-2 cascade was strongly involved in both G1-S progression and cyclin D 1 gene transcription. Deletion of its activating protein-1 responsive element motif resulted in attenuation of cyclin D 1 promoter responsiveness to estrogen. These results indicate that estrogen-induced cyclin D 1 transcription can occur in HepG2 cells independently of the transcriptional activity of estrogen receptor, sustaining the pivotal role played by nongenomic pathways of estrogen action in hormone-induced proliferation.
INTRODUCTION
17␤-Estradiol (E2) is strongly connected with liver development (Fisher et al., 1984) , the regulation of hepatic metabolic pathways (Di Croce et al., 1996 Distefano et al., 2002) as well as with the progression of hepatocarcinogenesis (Yager et al., 1986; Chen et al., 1999) . The E2 action mechanism to induce carcinogenesis has been the object of extensive studies in mammary carcinoma cells, which revealed an increased proportion of DNA-synthesizing cells by the recruitment of noncycling cells into the cell cycle and by a reduction of G1 phase duration in the already cycling cells (Sutherland et al., 1983; Foster et al., 2001) . There is considerable evidence that cyclin D 1 , important for progression of cells through the G1 phase of the cell cycle, is a well-defined target for E2 action in mammary carcinoma cells (Altucci et al., 1996; Foster and Wimalasena, 1996; Prall et al., 1997) , although no detectable estrogen-responsive element (ERE)-like sequence in the cyclin D 1 gene promoter has been reported (Herber et al., 1994) . The cyclin D 1 activation mechanisms identified in different mammary carcinoma cells (i.e., up-regulation of c-jun and direct interaction estrogen receptor [ER]␣/stimulating protein 1, SP1, or ER␣/ activating protein-1, AP-1) underlined the strict cell context dependence (Foster et al., 2001) .
Recently, rapid/nongenomic effects of estradiol, potentially able to regulate cell proliferation, have been reported (McEwen and Alves, 1999) ; in particular, in the human hepatoma cell line HepG2, the inositol trisphosphate/protein kinase C-␣ (IP 3 /PKC-␣) signal transduction pathway is induced just 1 min after E2 addition (Marino et al., 1998) . The E2-induced activation of this signal pathway is sufficient to drive HepG2 cells into the S phase of the cell cycle, although the presence of ER in these cells is very low and insufficient to induce transactivation of ERE-containing synthetic target genes (Marino et al., 2001) . As far we know, the presence of other signal pathways described in mammary carcinoma cells (i.e., mitogen-activated protein [MAP] kinase pathway) (Castoria et al., 1999) , their cross talk with IP 3 /PKC-␣ signal transduction, and their relationship with E2-induced G1-S transition are completely unknown in hepatoma cells.
In this work, the ability of E2 to stimulate both PKC-␣ translocation from cytosol to membrane and extracellular signal regulated kinase-2 (ERK-2) phosphorylation, as well as the cross talk and involvement in DNA synthesis and cyclin D 1 gene transcription, has been determined in the hepatoma cell line; moreover, the role of ER␣ domains also has been studied and compared with HeLa cells that do not express detectable levels of either ER␣ or ER␤. Herein, we demonstrated the rapid and specific activation of PKC-␣ translocation and ERK-2 phosphorylation by E2. Such activation preceded the increase of thymidine incorporation into DNA and cyclin D 1 gene expression and did not require the DNA-binding domain of ER␣. The requirement of a PKC-␣ pathway for G1-S progression, but not for cyclin D 1 gene expression, the involvement of MAP kinase pathway in both processes and the strict relationship between AP-1-responsive element motif (TRE) of the promoter and cyclin induction have been also assessed.
These results indicate that E2-induced cyclin D 1 transcription can occur in HepG2 cells independently of the transcriptional activity of ER, sustaining the new model of E2 modulation in the cell cycle progression via nongenomic signaling pathways.
MATERIALS AND METHODS

Reagents
17␤-Estradiol, gentamicin, penicillin, RPMI-1640, and DMEM (with or without phenol red), fetal calf serum, and charcoal-stripped fetal calf serum were purchased from Sigma-Aldrich (St. Louis, MO). The MAP kinase cascade inhibitors PD98059 and U0126, the PKC inhibitor Ro31-8220, the phospholipase C (PLC) inhibitor U73122, and phorbol 12-myristate 13-acetate (PMA) were obtained from Calbiochem (San Diego, CA). The estrogen receptor inhibitor ICI 182,780 was obtained from Tocris Cookson (Ballwin, MO). Methyl-1-[ 3 H]thymidine (specific activity, 81 Ci/mmol) and [ 32 P]dCTP were purchased from Amersham Biosciences (Little Chalfont, Buckinghamshire, United Kingdom). TRIzol reagent and LipofectAMINE reagent were obtained from Invitrogen (Carlsbad, CA). The luciferase kit was obtained from Promega (Madison, WI). GenElute plasmid maxiprep kit was obtained from Sigma-Aldrich. Bradford protein assay was obtained from Bio-Rad (Hercules, CA). The monoclonal and policlonal anti-phospho-ERK-2, anti-ERK-1 and -2, anti-␤-actin, and anti-PKC isoform antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). CDP-Star, chemiluminescence reagent for Western blot, was obtained from PerkinElmer Life Sciences (Boston, MA).
All the other products were from Sigma-Aldrich. Analytical or reagent grade products, without further purification, were used.
Cell Culture
HepG2 and HeLa cells were routinely grown in 5% CO 2 in air in modified, phenol red-free RPMI-1640 and DMEM, respectively, containing 10% (vol/vol) charcoal-stripped fetal calf serum, l-glutamine (2 mM), gentamicin (10 g/ml), and penicillin (100 U/ml). Cells were passaged every 4 d and media changed every 2 d. (Marino et al., 2001a) .
DNA Synthesis
Plasmids
The gene reporter plasmids pC3-luciferase (pC3), p3-ERE-TATAluciferase (p3-ERE), pXP2-D 1 -2966-luciferase (pD1), pXP2-D 1 ⌬-944-luciferase (-944), pXP2-D 1 ⌬-848-luciferase (-848), pXP2-D 1 ⌬-254-luciferase (-254) , and the plasmids containing the vector expression for pCR3.1-␤-galactosidase, pCMV 5 -hER␣, pCMV 5 -empty, pKCR2-HE14 (N-terminal deletion mutant of HE0 lacking A/B-and DNAbinding domains, amino acids 1-281) have been described previously (Herber et al., 1994; Marino et al., 2001) . Plasmids were purified for transfection by using a plasmid preparation kit according to manufacturer's instructions. A luciferase dose-response curve showed that the maximum effect was present when 1 g of plasmids was transfected together with 1 g of pCR3.1-␤-galactosidase to normalize for transfection efficiency (ϳ55-65%).
Transfection and Luciferase Assay
Cells were grown to ϳ70% confluence and transfected using LipofectAMINE reagent according to the manufacturer's instructions. Six hours after transfection the medium was changed and 24 h thereafter cells were stimulated with 10 nM E2 for 6 h. In some experiments, HepG2 were treated with estradiol-bovine serum albumin (BSA) conjugate [␤-estradiol 6-(o-carboxy-methyl)oxime: BSA, E2-BSA]. This form of macromolecular-bound estrogen does not pass through plasma membrane and is much more water soluble than free E2 (Zheng et al., 1996) . To ensure the absence of free E2 in these preparations, aliquots were preabsorbed with dextrancoated charcoal to remove Ͼ99% of free steroid hormone (Dembinski et al., 1985; Russell et al., 2000) . No difference in activity was found between noncharcoal-treated and charcoal-treated aliquots. When indicated 1 M of the PKC inhibitor Ro31-8220 or 1 M of the PLC inhibitor U73122 or 10 M PD98059 or 10 M U0126 (MAP kinase cascade inhibitors) was added, and reporter plasmid expression was evaluated 6 h thereafter. The cell lysis procedure as well as the subsequent measurement of luciferase gene expression was performed using the luciferase kit according to the manufacturer's instructions with an EC & G Berthold luminometer.
Electrophoresis and Immunoblotting
After treatment with inhibitors and hormone, cells were lysed as described previously (Marino et al., 2001 ) and solubilized in 0.125 M Tris-HCl, pH 6.8, containing 10% SDS (wt/vol), 1 mM phenylmethylsulfonyl fluoride, and 5 g/ml leupeptin and boiled for 2 min. Total proteins were quantified using the Bradford protein assay (Bradford, 1976) . Solubilized proteins (20 g) were resolved by 7.5% (for PKC-␣) and 10% (for ERK) SDS-PAGE at 100 V for 1 h. The proteins were then electrophoretically transferred to nitrocellulose for 45 min at 150 V at 4°C. The nitrocellulose was treated with 1% bovine serum albumin in 138 mM NaCl, 25 mM Tris-HCl, pH 8.0, and then probed at room temperature for 1 h with anti-phospho-ERK-2. The nitrocellulose was stripped by Restore Western blot stripping buffer (Pierce Chemical, Rockford, IL) for 10 min at room temperature and then probed with anti-ERK-1 and -2 and anti-␤-actin antibodies (1 g/ml). Anti-␤-actin antibody was used to normalize the sample loading. The PKC-␣ translocation from cytosol to membrane was assessed as reported previously (Marino et al., 2001) . In brief, subconfluent cells were stimulated with E2 10 nM or, in some samples, pretreated with signal transduction pathway inhibitor or treated 24 h with 10 M PMA before E2 stimulation, and, after sonication, soluble and particulate fractions were obtained by centrifuging samples at 100,000 ϫ g for 1 h. Proteins were solubilized, separated by SDS-PAGE, and then transferred to nitrocellulose filters as described above. Filters were then probed at room temperature for 1 h with PKC-␣, -␤, -⑀, and -␦ antibodies (1 g/ml). Antibody reaction was visualized with chemiluminescence reagent for Western blot.
RNA Extraction and Northern Blot Analysis
Isolation of RNA from stimulated cells was performed using TRIzol reagent according to the manufacturer's instructions and quantified by spectrophotometry (260 nm). The RNA was stored as a precipitate in 70% ethanol containing 0.3 M sodium acetate, pH 5.2, at Ϫ80°C. RNA was denatured and applied (20 g/lane) to 1.2% agarose gels containing 2.2 M formaldehyde and electrophoresis was performed (4 V). RNA was transferred to a nylon membrane (Amersham Biosciences). Northern hybridization was performed using Quickhyb solution (Stratagene, La Jolla, CA). cDNA probes of human cyclin D 1 (1.3-kb fragment of EcoRI-BgIII) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (0.5-kb XbaI-HindIII fragment of pHcGAP) were labeled with [
32 P]dCTP. The amounts of RNA were quantified by densitometry and normalized by comparison with GAPDH. . No E2 effect on cyclin E mRNA and protein was observed. This result, comparable with those previously reported in ERpositive breast cancer cells (Castro-Rivera et al., 2001) , was surprising in hepatoma cells that contain an ER unable to transactivate ERE-containing reporter genes. Transient transfection studies with pD 1 showed that treatment with E2 resulted in a significant increase in reporter cyclin D 1 gene activity ( Figure 1c ) comparable with those reported previously (Watanabe et al., 1996) . On the contrary, E2 treatment was unable to induce E2-responsive constructs containing consensus ERE (i.e., promoter of complement 3 gene, pC3, construct of three ERE repeats, p3ERE); E2-induced transactivation of these genes was observed only after cotransfection with an ER␣-expression plasmid (our unpublished data).
RESULTS
Estradiol Activates Cyclin D 1 Gene/Gene Promoter Construct in HepG2 Cells
Induction of Cyclin D 1 Promoter by Estradiol Can Be Selectively Blocked by Antagonist, Is Mimicked by E2-BSA, and Does Not Require DNA-binding Domain of ER
To determine the ER involvement in the E2 induction of the cyclin D 1 promoter, the estrogen antagonist ICI 182,780 was tested as a possible inhibitor of this response. When added alone, it did not affect the cyclin D 1 promoter activity, whereas its addition before E2 completely blocked the estrogen-induced stimulation (Figure 2a) .
To test whether the induction of cyclin D 1 promoter transcription by E2 can be mediated by the binding of E2 to cell surface receptors, HepG2 cells were treated with E2-BSA conjugate, which does not pass through the plasma membrane. As shown in Figure 2b , after E2-BSA stimulation the increase of cyclin D 1 promoter transcription was similar to that induced by free E2, suggesting a probable involvement of a membrane ER in cyclin D 1 promoter induction.
To determine the role of DNA-binding domain of ER in the induction of the cyclin D 1 promoter, HepG2 cells were transiently cotransfected with the promoter of cyclin D 1 or with the ERE-containing promoter pC3 together with the expression vector for human ER␣ or the ER␣ mutant HE14 lacking A/B-and DNA-binding domains of receptor as N-terminal deletions. To avoid interference due to the presence of endogenous ER (Marino et al., 2001a) , a similar experiment was performed in ER-lacking HeLa cells. In either cell line considered, E2-induced pC3 gene transcription is observed only after cotransfection with ER␣-expression plasmid (Figure 3, top) . On the contrary, hormoneinduced cyclin D 1 promoter transcription was observed, in both cell lines, even after the cotransfection with ER␣ mutant HE14 (Figure 3, bottom) . Thus, it seems that neither DBD nor activation function-1 domain of ER␣ are required for the full estradiol induction of cyclin D 1 promoter activity in HepG2 cells.
Estradiol Stimulation of HepG2 Cells Rapidly Activates PKC-␣ Translocation and ERK-2 Phosphorylation
The presence of E2-induced activation of signal transduction pathways was studied in HepG2 cells. Figure 4 , a and aЈ, show E2-induced ERK-2 phosphorylation 5 min after hormone treatment, the stimulation reached a peak after 10 min and decreased toward the basal level after 60 min. No estradiol effect was present on the total level of ERK-1 and -2 proteins. The similar time-course activation was present on PKC-␣ translocation from cytosol to the membrane of E2-stimulated cells (Figure 4, b and bЈ) . Both PKC-␣ translocation and ERK-2 phosphorylation were prevented by pretreating cells with the complete anti-ER ICI 182,780 ( Figure  4 , c and cЈ). To evaluate the ability of ER␣ mutant HE14 to mediate rapid activation of MAP kinase pathway, HeLa cells were transfected with ER␣-or ER␣ HE14-expression plasmids and stimulated for 10 min with E2. Figure 4 , d and dЈ, show that E2 induces ERK-2 phosphorylation only in the presence of ER␣ even when the DBD domain is lacking, confirming the inessentiality of this ER domain in E2-induced rapid signal transduction pathway.
The presence of a cross talk between ERK and PKC-␣ signaling pathways in HepG2 cells was analyzed by using specific inhibitors. Figure 5a shows that the PKC-␣ inhibitor used (Ro31-8220) blocked the E2-induced PKC-␣ translocation on membranes and decreased the ERK-2 phosphorylation (ϳ50% Ϯ 4.5). Because Ro31-8220 is an inhibitor of all PKC isoforms, we treated cells 24 h with PMA, which caused the complete and selective down-regulation of PKC-␣ isoform (Marino et al., 2000 (Marino et al., , 2001 . The results shown in Figure  5b confirm that ERK-2 phosphorylation is only partially mediated by PKC-␣. The pretreatment of cells with two MAP kinase cascade inhibitors (PD98059 or U0126) caused the block of ERK-2 phosphorylation and a decrease of PKC-␣ translocation from cytosol to the membrane (Figure  5a ), suggesting that E2-activated PKC-␣ and MAP kinase are two parallel signals cross talking each other. The result obtained with MAP kinase inhibitors is E2 specific. In fact EGF, one of the well-known mitogens for HepG2 cells, activates both PKC-␣ and ERK-2, but the block of PKC-␣ prevented the MAP kinase activation being the MAP kinase downstream to the PKC-␣ (Figure 5c ).
Induction of Cyclin D 1 Promoter by Estradiol Is Mediated by MAP Kinase but Not by PKC-␣
The role of estradiol-induced PKC-␣ activation on both DNA synthesis and cyclin D 1 promoter transcription was evaluated in HepG2 cells. We described previously that PKC-␣ is downstream to the estradiol-induced PLC activation (Marino et al., 1998) . To assess the involvement of PLC/ PKC-␣ pathway, we treated cells with both PLC inhibitor U73122 and PKC-␣ inhibitor Ro31-8220. Figure 6a confirms that both inhibitors prevented the E2-induced increase of labeled thymidine into DNA, whereas they were ineffective to block cyclin D 1 promoter activity, mRNA, and protein accumulation 1 and 6 h after E2 stimulation, respectively ( Figure 6, b and c) . To further exclude this pathway in post-transcriptional events the cells were treated for 24 h with PMA to obtain the PKC-␣ down-regulation or with PLC and PKC inhibitors (Figure 6d ) before stimulation with E2. The data show that E2 still induces cyclin D 1 protein accumulation 6 h after E2 administration.
On the contrary, E2-induced ERK-2 phosphorylation is strongly involved in both DNA synthesis and cyclin D 1 promoter activity. In fact, both inhibitors used (PD98059 and U0126) strongly prevented thymidine incorporation and cyclin D 1 transcription (Figure 7, a and b) . To investigate the involvement of the AP-1, one of the MAP kinase pathway The amounts of protein and mRNA levels were normalized by comparison with ␤-actin expression or with GAPDH (aЈ and bЈ, densitometric analysis). Data are the means Ϯ SD of three independent experiments. (c) Luciferase assay detection on HepG2 cells transfected with pC3-luciferase (pC3), p3xERE-TATA-luciferase (p3ERE), and pXP2-D 1 -2966-luciferase (pD1) and those treated 6 h with vehicle (C) or estradiol (E2) (10 nM). Data are the means Ϯ SD of four independent experiments. *P Ͻ 0.001, compared with respective control values (C).
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Vol. 13, October 2002 targets, the role of TRE motif in the E2-induced cyclin D 1 promoter activation in HepG2 cells has been checked. The activity of the complete cyclin D 1 promoter construct (-2966) has been compared with that of deletion mutants -944, -848, and -254 (Figure 8a) . Destruction of the motif -848 caused complete loss of estrogen responsiveness. Surprisingly, the cells transiently transfected with deletion mutant -254 still showed the enhancing effects of E2, which were not prevented by MAP kinase pathway inhibitors (Figure 8b ). These data further support an essential role of ERK-2 and TRE motif in mediating estradiol effects.
DISCUSSION
The mechanism by which estradiol alters cellular function and, in particular, cell growth has been largely investigated focusing mainly on mammary gland cells. Less attention was given to cell lines derived from the liver, a well-known estrogen target organ. The human hepatoma HepG2 cell line has been shown to retain many of the differentiated characteristics of quiescent hepatocytes, including estradiol responsiveness: mitochondrial superoxide production (Chen et al., 1999) , up-regulation of the class B scavenger receptor (Graf et al., 2001) , apolipoprotein synthesis (Archer et al., 1985; , thymidine incorporation into DNA (Marino et al., 2001a) , IP 3 production, and PKC-␣ activation (Marino et al., 1998 (Marino et al., , 2001a were reported. HepG2 cells, cultured in medium not supplemented with estrogen, maintain ER expression Farsetti et al., 1998) , although at levels insufficient to induce a ligand-dependent transactivation of synthetic ERE-containing target genes (Marino et al., 2001) . These characteristics make these cells a useful experimental model for studying the role played by estradiolinduced nongenomic actions on hepatic cell proliferation. Therefore, the putative role of E2-induced rapid signal transduction pathways on DNA synthesis and on cyclin D 1 expression in HepG2 cells was investigated.
Cyclin D 1 , important for the progression of cells through the G1 phase of the cell cycle, is a well-defined target for E2 action in mammary carcinoma cells (Foster et al., 2001) , even though no ERE-like sequence in the promoter of cyclin D 1 gene has been detected (Herber et al., 1994) . Recent evidence suggests that cyclin D 1 is deeply involved in the regulation of cyclin E/Cdk2 complexes, mainly responsible for G1/S transition through the Cdk-inhibitor sequestration (Roberts, 1999) . Our data showing that E2 selectively induces cyclin D 1 gene expression and protein without affecting cyclin E, reinforces the concept that cyclin D 1 is, even in liver-derived cells, the upstream sensor of estrogen-induced proliferative signals.
That E2 activation of cyclin D 1 promoter is ER dependent, despite HepG2 cells containing low levels of ER unable to transactivate ERE-containing reporter genes, suggests a DNA-binding-independent effect of ER. This is confirmed by the estradiol-induced cyclin D 1 promoter activity observed in both HepG2 and HeLa cells even if cotransfected with the mutant ER lacking both A/B-and DNA-binding domains. It is interesting to note that cotransfection of HepG2 with ER␣-expression plasmid, with respect to the endogenous ER, increased the E2-induced cyclin D 1 promoter activity; this could be due to the high copy number of the ER in the plasmid-transfected cells (Augereau et al., 1994; Castro-Rivera et al., 2001) . Furthermore, the result obtained with E2-BSA indicates that the induction of the cyclin D 1 promoter probably requires a membrane ER. Moreover, the absence in cyclin D 1 promoter of any ERE sequence supports the role of rapid signal transduction pathways in E2-induced cyclin D 1 gene induction in HepG2 cells.
Rapid/nongenomic effects of E2, potentially able to regulate cell proliferation, have been reported previously (Castoria et al., 2001; Coleman and Smith, 2001 ). In particular, in the HepG2 cells the PLC/PKC-␣ signal transduction pathway was induced just 1 min after the E2 addition. Herein, we confirm the E2-induced activation of PKC-␣ and demonstrate the parallel and synergic activation of ERK/MAP kinase pathway 10 min after E2 administration. The effects of specific inhibitors showed a decreased level of activation of both proteins. The short E2 treatment required inducing PKC-␣ and ERK-2 phosphorylation further supports the presence of a membrane receptor for E2 in the cell. Because the putative receptor has not been isolated and biochemically characterized, its derivation or its structural and functional characteristics are unknown; however, recently, different categories of putative membrane estrogen receptors have been reported (Norfleet et al., 2000; Kelly and Levin, 2001) . The data presented herein showing that ERK-2 is were performed by Western blot analysis, as described in MATE-RIALS AND METHODS, on control (0) and on estradiol-treated cells (E2) (10 nM) at different times. The amounts of protein were normalized by comparison with ERK-1 and ERK-2 or ␤-actin level expression (aЈ and bЈ, densitometric analysis). Western blot analysis both of ERK-2 phosphorylation and PKC-␣ levels on membranes after pretreating 15 min with ICI 182,870 (1 M) (ICI) on control (Ϫ) and on 10-min estradiol-treated HepG2 cells (E2) (10 nM) (c) and of ERK-2 phosphorylation on control (C) and on 10-min estradiol-treated HeLa cells (E2) (10 nM) (d) were performed as described in MATERI-ALS AND METHODS. The amounts of protein were normalized by comparison with ERK-1 and ERK-2 or ␤-actin level expression (cЈ and dЈ, densitometric analysis). Data are the means Ϯ SD of three independent experiments. *P Ͻ 0.001, compared with respective control values (C), determined using Student's t test.°P Ͻ 0.001, compared with respective E2 values, determined using Student's t test.
Estrogen-regulated G1-S Phase Transition Vol. 13, October 2002 rapidly phosphorylated in HeLa cells transiently transfected with expression vector for soluble ER␣ or with ER␣ mutant HE14 are consistent with previous data showing that ER␣, as well as ER␤, can elicit a variety of rapid signal transduction events in transfected Chinese hamster ovary cells (Razandi et al., 1999) and that an anti-ER␣ antibody is able to cross-link with both nuclear and membrane receptors (Norfleet et al., 2000) . These results together with recent confocal microscopy studies (Song et al., 2002) suggest that the effect on ERK-2 activation is mediated by a fraction of the classical receptor associated with the plasma membrane.
The E2-induced signaling pathways play different roles in cell proliferation. In fact, the E2-induced PKC-␣ is strongly related to DNA synthesis, but is not involved in cyclin D 1 induction, suggesting that its role is focused on the steps after cyclin D 1 induction. On the contrary, E2-induced ERK-2 phosphorylation is strongly involved in both DNA synthesis and cyclin D 1 promoter activity as confirmed by the effects of the inhibitors used. Together, these data support that estradiol-induced cyclin D 1 transcription is independent of ER-DBD domain and dependent on rapid/nongenomic effects.
The biological effects of the ER, independent of its transcriptional activity in the nucleus, have been reported recently (Simoncini et al., 2000; Kousteni et al., 2001; Marino et al., 2001) . At present, it is well known that ER␣ and ER␤ can also modulate the expression of genes without direct binding to DNA (Nilsson et al., 2001) . Interaction between ER␣ and c-rel subunit of nuclear factor-B, SP1, and AP-1 transduction factors are good examples of such modulation (Nilsson et al., 2001) , but ER␣-stimulated gene expression mechanism is controversial (Webb et al., 1999; Jakacka et al., 2001) .
Our results support the idea that neither DBD nor AF1 domain of ER is required for the estradiol induction of cyclin D 1 promoter activity in HepG2 cells. Furthermore, destruction of the TRE motif -848 caused complete loss of estrogen responsiveness, indicating an essential role of the TRE motif in mediating nongenomic estradiol effects on cyclin D 1 transcription. Data are expressed as disintegrations per minute per total protein extracted and as percentage variation with respect to the controls and are the means Ϯ SD of four independent experiments. *P Ͻ 0.001, compared with respective control values (C), determined using Student's t test.°P Ͻ 0.001, compared with respective E2 values, determined using Student's t test. Northern (c) and Western (d) blot analysis of cyclin D 1 were performed as described in MA-TERIALS AND METHODS on control (C) and on E2-stimulated HepG2 cells (10 nM) pretreated with the PKC inhibitor Ro31-8220 (Ro) (1 M) or PLC inhibitor U73122 (U7) (1 M) and PMA (10 M), respectively. The amounts of mRNA and protein levels were normalized by comparison with GAPDH and ␤-actin expression. Shown are typical blots of three independent experiments. Several cyclin D 1 activation mechanisms have been identified in mammary carcinoma cells (Sabbah et al., 1999; Castoria et al., 2001; Castro-Rivera et al., 2001; Nagata et al., 2001) . In particular, it has been suggested that the three GC-rich SP1 sites at Ϫ143 to Ϫ110 and the CRE motif at Ϫ96 regions of the promoter are the major mediators for the induction of the cyclin D 1 promoter by E2 (Sabbah et al., 1999; Castro-Rivera et al., 2001) . These investigators transfected mammary carcinoma cells with a deleted cyclin D 1 promoters lacking of TRE motif: Ϫ163 and Ϫ96, respectively. It is noteworthy that the enhanced effect of E2 on cyclin D 1 promoter is present with the mutant Ϫ254, which contains the Oct/Sp1 and CRE motifs but lacks E2F and the E-box (Herber et al., 1994) , suggesting a negative role for these two motifs in the regulation of cyclin D 1 promoter by E2. Moreover, the inability of MAP kinase pathway inhibitors to prevent such an increase further sustains that the TRE motif of cyclin D 1 promoter is the target of this E2-induced signal transduction pathway.
In conclusion, our data indicate that in HepG2 cells, E2, via a likely membrane-associated ER, induces different and parallel signal transduction pathways, which may modulate distinct steps in the G1/S phase transition. The MAP kinase cascade is involved in the regulation of the cyclin D 1 transcription and PKC-␣ pathway in the subsequent steps that lead to DNA synthesis (i.e., Cdk activation). Finally, the E2-dependent activation of cyclin D 1 is a multifactorial process involving different regulatory elements present in cyclin D 1 promoter: AP1, STAT5, nuclear factor-B, E2F, Oct1, SP1, and CRE are good examples of such activation (Liu et al., 2002, and references therein) . Rapid/nongenomic mechanisms represent a new model of E2-induced cyclin D 1 activation. (-848) , and then treated 6 h with vehicle (C) or estradiol (E2) (10 nM) (a). Luciferase assay detection on cells transfected with pXP2-D 1 ⌬-254-luciferase (-254) and treated 6 h with vehicle (C) or E2 (10 nM) after 15 min of pretreatment with the MAP kinase pathway inhibitors PD98059 (PD) and U0126 (U0) (10 M) (b). Data are expressed as percentage of variation with respect to the controls and are the means Ϯ SD of four independent experiments. *P Ͻ 0.001, compared with respective control values (C), determined using Student's t test.
